NG2 cells (polydendrocytes) comprise an abundant glial population that is widely and uniformly distributed throughout the developing and mature CNS and are identified by the expression of the NG2 proteoglycan at the cell surface. Although recent electrophysiological studies suggest that they are capable of receiving signals from axon terminals, other studies, based on the finding that the NG2 molecule itself induces growth cone collapse, have led to a widely held speculation that NG2 cells themselves also repel and inhibit growing axons. In this study, we have examined the effects of rat NG2 cells on growing hippocampal and neocortical axons in vitro and in vivo. NG2 cells did not repel growing axons but promoted their growth in vitro, and axonal growth cones formed extensive contacts with NG2 cells both in vitro and in the developing corpus callosum. Punctate immunoreactivity for fibronectin and laminin was found to be colocalized with NG2 on the surface of NG2 cells. Altering the level of cell surface NG2 expression had no effect on the growth-promoting effects of NG2 cells on growing axons. Thus, our study indicates that NG2 cells are not inhibitory to growing axons but provide an adhesive substrate for axonal growth cones and promote their growth even in the presence of elevated levels of the NG2 proteoglycan. These findings suggest a novel role for NG2 cells in facilitating axonal growth during development and regeneration.
Introduction
NG2 cells comprise a major glial cell population in the developing and mature mammalian CNS . They are identified by the expression of the NG2 proteoglycan on the surface. Some NG2 cells differentiate into oligodendrocytes in vitro (Levine and Stallcup, 1987; Stallcup and Beasley, 1987) and in vivo during normal development (Horner et al., 2000; Bu et al., 2004) and in demyelinated lesions , and they downregulate NG2 during terminal differentiation. Thus, NG2 cells are often referred to as oligodendrocyte precursor cells (OPCs). However, even after peak myelination, NG2 cells continue to exist uniformly throughout the gray and white matter of the CNS, at a density comparable with that of mature oligodendrocytes and microglia (Dawson et al., 2003) . This is indicative of a physiological role for them in the CNS in addition to generating myelinating oligodendrocytes. To recognize their existence as an abundant resident population in normal mature brain, we have proposed to use the term polydendrocytes to refer to all CNS parenchymal cells that express NG2 , a name that reflects their multiprocessed morphology and their lineal relation to oligodendrocytes.
The NG2 molecule belongs to the family of chondroitin sulfate proteoglycans, which are generally known to be repulsive to growing axons (Snow et al., 1990; Oakley and Tosney, 1991; Brittis et al., 1992; Friedlander et al., 1994; Milev et al., 1994; Bradbury et al., 2002; Kantor et al., 2004) . NG2 has been shown to inhibit neurite outgrowth from cerebellar granule neurons and dorsal root ganglion neurons (Dou and Levine, 1994) through its core protein (Chen et al., 2002a; Ughrin et al., 2003) . Furthermore, NG2 expression is dramatically upregulated in adult lesioned CNS (Levine, 1994; Jones et al., 2002) where axonal regrowth is limited. Thus, it has been widely speculated that NG2 cells, as well as the NG2 molecule, negatively regulate axonal growth in vivo (Fidler et al., 1999; Chen et al., 2002b; Morgenstern et al., 2002 ) (for review, see Levine et al., 2001) , although the neuronal growth-inhibitory effect of NG2 cells has never been directly demonstrated.
There are several recent observations that are not consistent with the notion that NG2 cells are repulsive to growing axons. First, in a regenerating environment after spinal cord injury, successfully regenerating axons were found through a region of densely populated NG2-expressing cells (Jones et al., 2003) . Second, there was no difference in the extent of axonal regeneration after spinal cord transection in wild-type and NG2-null mutant mice (de Castro et al., 2005) . Finally, electrophysiological studies have revealed that NG2 cells in the hippocampus and cerebellum acetate-conjugated donkey anti-mouse IgM antibodies (Jackson ImmunoResearch) were used at 1:50.
Cell culture. Purified NG2 cell (OPC) cultures were prepared as previously described (McCarthy and de Vellis, 1980) with some modifications (Yang et al., 2005) . Briefly, cerebral cortices from postnatal day 2 (P2) to P4 Sprague Dawley (CD) rats (Charles River Laboratories, Raleigh, NC) were dissected out, minced, and incubated for 15 min at 37°C in minimum essential medium (Invitrogen) containing 0.1% trypsin (Sigma). The cells were triturated after adding 60 g/ml DNase I (Sigma) and 5% fetal bovine serum (FBS) (Invitrogen). Dissociated cells from two to three rats were plated in a 75 cm 2 tissue culture flask coated with 100 g/ml poly-L-lysine (PLL) (Sigma). Cells were maintained in DMEM containing 10% FBS at 37°C in humidified air with 5% CO 2 . After 10 d, the cells were rinsed three times with culture medium, and the flasks were sealed and shaken at 250 rpm at 37°C for 15ϳ18 h followed by additional 30 min of shaking at 350 rpm. Detached NG2 cells were collected, preplated to remove microglia, and plated on PLL-coated coverslips. Cells were maintained in Neurobasal medium with B27 supplements (NBM/ B27) (Invitrogen) containing 10 ng/ml PDGF AA (Roche, Indianapolis, IN) . Immunocytochemistry revealed that cultures prepared by this method contained 92-95% NG2ϩ cells. GFAPϩ astrocytes and OX42ϩ microglia comprised 5-8% and Ͻ1% of the total population, respectively. In addition, the majority of the GFAPϩ astrocytes in the OPC culture had the stellar morphology of type 2 astrocytes. Mature oligodendrocyte cultures were generated by further incubating purified NG2 cell cultures for 3 d in NBM/B27 without PDGF AA .
To prepare purified astrocytes, P2-P4 cortical cells were dissociated as described above and plated at a density of 1 ϫ 10 4 cells/cm 2 onto PLLcoated coverslips. Cells were maintained in DMEM containing 10% FBS until they reached confluence. Cells were then rinsed once with PBS and cultured in fresh NBM/B27 containing 10 ng/ml PDGF AA and 10 M cytosine arabinofuranoside for 4 -6 d to remove proliferating NG2 cells. Medium was changed every other day.
For neuron-glial cocultures, hippocampi from P1 rats were dissociated as described above for glial cultures, and 2.5 ϫ 10 4 cells were plated in the presence of 100 M L-glutamate on PLL-coated coverslips with or without cellular substrates. Cocultures were maintained in NBM/B27 containing 100 M L-glutamate at 37°C in 5% CO 2 for 16 -18 h and processed for immunocytochemistry.
NIH 3T3 fibroblast cells were maintained in DMEM containing 10% newborn calf serum. They were passaged no more than 10 times before reaching confluence to prevent transformation. Chinese hamster ovary cells expressing myelin-associated glycoprotein (MAG-CHO cells) were kindly provided by Drs. Marie Filbin and Wilfredo Mellado (Hunter College, New York, NY) and were maintained in DMEM containing 10% FBS and G418 (Invitrogen) .
For inverted cultures, neurons were seeded onto PLL-coated coverslips as described above. Thirty minutes after the neurons were seeded, coverslips containing non-neuronal cells were placed inverted in tissue culture inserts (Falcon; pore size, 0.45 m), and the inserts were placed over the neurons. Standard contacting cocultures were prepared simultaneously for control. The cultures were maintained in 1 ml of Neurobasal medium containing B27 for 16 -18 h, after which the neurons were fixed and immunostained for SMI31.
NG2 adenoviral vector. An adenoviral vector containing the entire coding region of the rat NG2 cDNA (Nishiyama et al., 1991) was constructed using the Adeno-X Expression System (Clontech, Mountain View, CA). The resulting virus (Adeno-NG2) was synthesized and packaged in HEK 293 cells (American Type Culture Collection, Manassas, VA), and the titer of the viruses harvested from the second round of amplification was determined. Viral stocks of ϳ1 ϫ 10 8 pfu/ml were prepared and added to the cultures at a multiplicity of infection (moi) of 2 or 5.
NG2 small interference RNA construction. Small hairpin RNA [small interference RNA (siRNA)] constructs directed against rat NG2 mRNA were generated using mU6 pro plasmid vector (a gift from Dr. David Turner, University of Michigan, Ann Arbor, MI) as described by Yu et al. (2002) . We generated two different NG2 siRNA constructs, both targeting the 3Ј-untranslated region of the rat NG2 cDNA (NG2_7217hp, 5Ј-uccucagcucacuuagaccuagagauguucucuaggucuaagugagcugagga-3Ј; and NG2_7292hp, 5Ј-caggauaacauccucgauggaucacugugugauccaucgaggauguuauccug-3Ј). Mutant forms of both siRNAs were generated by randomly mutating three base pairs in the original constructs (NG2_m7217hp, 5Ј-uccucaggucaguuacaccuagagauguucucuagguguaacugaccugagga-3Ј; and NG2_m7292hp, 5Ј-caggauaagaugcuggauggaucacugugugauccauccagcaucuuauccug-3Ј). The plasmid DNA containing the NG2 siRNA species were purified and transfected into purified NG2 cells using Rat Oligodendrocyte Nucleofector kit and Nucleofector II (Amaxa Biosystem, Gaithersburg, MD) . Secondary cultures of 1 ϫ 10 5 NG2 cells that had been treated for 2 d with 10 ng/ml PDGF AA were electroporated with 1 g of the plasmid DNA in 100 l of Nucleofect solution using the O-17 program. Transfected cells were then divided into three 12 mm coverslips that had been coated with 100 g/ml PLL and maintained in NBM/B27 and 10 ng/ml PDGF AA for 2 d before the addition of P1 hippocampal neurons. In some cases, cells were cotransfected with a control plasmid encoding GFP (pmaxGFP; Amaxa) to identify transfected cells. This method resulted in 40 -60% transfection efficiency. The neurons were analyzed as described above 16 h after they were added to NG2 cells transfected with the siRNA constructs.
Time lapse analysis. Hippocampal neuron-glial cocultures were prepared as described above and subjected to time-lapse recording 16 -24 h after neurons were added to glial cells. In some experiments, glial cells were labeled with 4 M PKH-26 dye (Sigma) to facilitate their identification in the coculture. Coverslips containing the cocultured cells were secured with vacuum grease on the bottom of a recording chamber (Warner Instruments, Hamden, CT). The chamber was then sealed with a coverslip placed on top, and filled with the Hibernate Medium (BrainBits, Springfield, IL) that had been preequilibrated in the 37°C CO 2 incubator. The temperature of the chamber was controlled at 35-37°C using a channel heater controller (Warner Instruments). The assembled chamber was placed on the microscope stage, and time lapse images were collected through the transmitted light channel with differential interference optics on the Leica (Exton, PA) TCS SP2 confocal system.
Immunocytochemistry. For detecting cell surface antigens, cells were rinsed once in blocking solution [DMEM containing 5% normal goat serum (NGS)] and incubated in primary antibodies diluted in the blocking solution for 30 min at room temperature. Cells were then rinsed three times in the blocking solution and incubated in the secondary antibodies diluted in the blocking solution for 30 min at room temperature. After two washes in DMEM and two washes in PBS, cells were then fixed in 4% paraformaldehyde (PFA) for 15 min at room temperature, followed by three rinses in PBS, and one rinse in H 2 O. Coverslips were then air-dried and mounted in Vectashield containing 4Ј,6Ј-diamidino-2-phenylindole (DAPI) (Vector Laboratories, Burlingame, CA).
For intracellular antigens, cells were first fixed with 4% PFA for 15 min at room temperature, rinsed three times in PBS, and then permeabilized and blocked in 5% NGS-DMEM containing 0.1% Triton X-100 before antibody incubation.
Western blot analysis. Purified NG2 cells were infected with adeno-NG2 virus at a moi of 2 or 5 and used 2 d later. Proteins were extracted from the cells in 100 l of protein extraction buffer (50 mM Tris-HCl, 150 mM NaCl, 1% NP-40, pH 8.0) containing 1 mM phenylmethylsulfonyl fluoride (Sigma) and 10 g/ml leupeptin (Calbiochem, La Jolla, CA) on ice for 15 min. Some extracts were treated with 0.125 U of chondroitinase ABC (MP Biomedicals, Aurora, OH) at room temperature for an additional 15 min. Extracts were then centrifuged at 15,000 ϫ g for 5 min at 4°C to remove insoluble material, and supernatants were heated at 80°C for 10 min in reducing sample buffer (6% SDS, 40% glycerol, and 0.2 mg/ml BPB, and 100 mM DTT in 125 mM Tris-HCl, pH 6.8). Samples were electrophoresed through 4 -12% acrylamide gradient gels (Novex; Invitrogen) and transferred to polyvinylidene difluoride membranes. The membranes were incubated in blocking buffer containing 5% nonfat dry milk (Bio-Rad, Hercules, CA) and 0.5 M NaCl in 20 mM Tris-HCl, pH 7.4, for 2 h at room temperature and then incubated in rabbit anti-NG2 antibody (obtained from Dr. W. Stallcup) diluted 1:1000 in the blocking buffer at 4°C overnight. The membrane was then incubated in HRPconjugated goat anti-rabbit antibody (Bio-Rad) diluted 1:10,000 in blocking buffer for 1 h at room temperature, followed by chemiluminescence detection according to the manufacturer's instructions (ECL Detection Reagents; Amersham Biosciences, Piscataway, NJ). The same blot was then blocked, incubated in mouse anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibody (Chemicon; 1:300), followed by incubation in HRP-conjugated goat anti-mouse antibody (Bio-Rad; 1:10,000) and processed for chemiluminescence detection. For densitometric analysis, the film was scanned at a resolution of 300 dpi, and the pixel density of the bands was analyzed using BioQuant software (Nashville, TN).
In utero electroporation and immunohistochemistry. In utero electroporation of plasmid DNA was performed as described (Haas et al., 2001; Bai et al., 2003) . Sprague Dawley (CD) rats at 17 d of gestation were anesthetized by intraperitoneal injection of a mixture of ketamine (10 mg/100 g body weight) and xylazine (1 mg/100 g body weight). Through a longitudinal abdominal incision, uterine horns were exposed, and 1 g of pCA-gapgfpm4 plasmid DNA (0.5 g/l) (Okada et al., 1999) was microinjected into the lateral ventricle of the embryos. Because cortical neuroblasts that form layers II/III are the predominant dividing cell population at the ventricular surface at embryonic day 17 (E17) (Hicks and D'Amato, 1968) , electroporation of the pCA-gapgfpm4 plasmid, driven by the universally active chicken ␤-actin promoter and cytomegalovirus enhancer, into the ventricles at this age resulted in strong GFP expression in neurons with minimum labeling of glial cells. pCA-gapgfpm4 encodes green fluorescent protein that contains the membrane-targeting sequence from GAP43 (Okada et al., 1999) . Exponentially decaying voltage pulse (V o ϭ 75 V) was applied across the uterine wall via a pair of capacitor plates. Surgery was performed according to the guidelines established by the Institutional Animal Care and Usage Committee.
Two days after birth, the electroporated rat pups were anesthetized by hypothermia and fixed by transcardiac perfusion with 2% paraformaldehyde in 0.1 M sodium phosphate buffer containing 0.05 M lysine and 0.01 M sodium metaperiodate (McLean and Nakane, 1974) . Coronal sections (100 m) through the corpus callosum were prepared using a vibratome (Leica, Deerfield, IL) and processed for immunohistochemistry as follows. Sections were permeabilized and blocked in PBS containing 0.1% Triton X-100 and NGS for 1 h at room temperature and then incubated in primary antibodies diluted in PBS containing 5% NGS (PBS-NGS) overnight at 4°C. After three washes in PBS, the sections were incubated with secondary antibodies diluted in PBS-NGS for 30 min at room temperature. After three washes in PBS, the sections were picked up onto slides, air-dried, and mounted in the Vectashield.
Image acquisition and data analysis. Wide-field microscopic images were acquired using a Leica DMR upright epifluorescence microscope equipped with a digital camera (ORCA; Hamamatsu, Hamamatsu City, Japan) and the IP Lab software (Scanalytics, Fairfax, VA). Confocal images were acquired using 40ϫ oil-immersion lens on the Leica TCS SP2 confocal system.
For the analyses of neurite length or contacts of growth cone, 45-60 neurons were randomly selected from triplicate coverslips from two to three independent experiments, and data were collected using the IP Lab software. Data are expressed as means Ϯ SEM. Two sets of data were compared by Student's t test. Pairs of data sets in experiments with multiple data sets were compared by one-way ANOVA and Tukey's post test.
The intensity of NG2 immunofluorescence in control and adeno-NG2-infected cells was measured using BioQuant. Images were captured with IP Lab using a 12-bit camera under nonsaturating exposure conditions. The average intensity was measured in a region of interest defined manually along the contour of the cells. Background levels were determined by similarly drawing a region of interest in a cell-free area of the coverslip. Data were plotted after background subtraction.
Preembedding immunoelectron microscopy. P2 rats were anesthetized and perfused transcardially with 20 ml of fixative containing 4% paraformaldehyde and 0.2% glutaraldehyde (Electron Microscopy Science, Fort Washington, PA) in 0.12 M phosphate buffer, pH 7.2 (PB). The brains were then dissected out and postfixed for 1 h at 4°C in the same fixative. After washing with PB, 100 m coronal sections were cut using a vibratome. Sections were first immersed in PBS-NGS for 1.5 h at room temperature and then incubated at 4°C overnight in a rabbit antibody to the extracellular domain of rat NG2 (NG2EC; a gift from Dr. W. Stallcup) diluted 1:2000 in PBS-NGS. The primary antibody was detected by the ABC/peroxidase method using diaminobenzidine (DAB) as substrate (Vectastain Elite kit; Vector Laboratories). Sections were postfixed with 2% paraformaldehyde and 1.25% glutaraldehyde in 0.12 M phosphate buffer for 1 h at room temperature followed by incubation in 1% OsO 4 in 0.12 M cacodylate buffer, pH 7.2, for 45 min at room temperature. Sections were then dehydrated through a series of 50, 70, 86, 96, and 100% ethanol (Electron Microscopy Science) for 10 min each and flatembedded in Epon (Electron Microscopy Science) and polymerized at 65°C for 2 d.
Results

Axons do not avoid but form contacts with NG2 cells in vitro
To determine whether NG2 cells repel growing axons similarly to purified NG2 proteoglycan, we examined the effects of NG2 cells on dissociated hippocampal neurons in culture. Hippocampal neurons from postnatal day 1 (P1) rats were seeded onto a culture of rat NG2 cells and grown for 16 h. The cocultures were double immunolabeled for NG2 and ␤III-tubulin to detect NG2 cells and neurons, respectively. As shown in Figure 1 , the tips of the ␤III-tubulin-positive neurites were frequently associated with NG2 cells. The percentage of neurite tips that were associated with NG2 cells (66%; n ϭ 23) was significantly higher than that of the total surface area of the coverslips occupied by NG2 cells (10%) (Fig. 1 A, D) . This suggests that the association of neurite tips with NG2 cells does not simply reflect a random coincidence and that neurite tips prefer to contact NG2 cells compared with the PLL substrate.
To determine whether the observed association of neurite tips with NG2 cells was a result of nonspecific preference of growing neurites for cells in general over PLL, we compared the effects of NG2 cells with those of cells that are known to express neuriteinhibitory/growth cone-collapsing molecules. Specifically, we used mature oligodendrocytes that are known to express neurite growth-inhibitory molecules, including myelin-associated glycoprotein (MAG) and Nogo, and MAG-CHO cells (kindly pro-vided to us by Drs. Wilfredo Mellado and Marie Filbin, Hunter College, New York, NY) ( Fig. 1 A-C) . When hippocampal neurons were cocultured with mature oligodendrocytes ( Fig. 1 B) or with MAG-CHO cells (Fig. 1C) , the percentages of neurite tips associated with O1ϩ oligodendrocytes and MAG-CHO cells were 24% (n ϭ 16) and 26% (n ϭ 17), respectively, and both were significantly lower than the percentage of neurite tips associated with NG2 cells (Fig. 1 D, black bars) . The percentage of the growth area occupied by NG2 cells, oligodendrocytes, and MAG-CHO cells in the cocultures were comparable at 10, 14, and 13%, respectively ( Fig. 1 D, gray bars) .
To more directly compare the extent of contact between neurite tips and NG2 cells with that between neurite tips and mature oligodendrocytes, we prepared a neuronglial coculture in which NG2 cells and mature oligodendrocytes coexisted on the same coverslips. After triple labeling of the cultures for ␤III-tubulin, NG2, and O1, the percentage of neurite tips that were contacting NG2 cells and O1ϩ oligodendrocytes were determined ( Fig. 1 E, F ) . Fifty-five percent of the neurite tips contacted NG2 cells, whereas only 9.7% of the neurite tips contacted oligodendrocytes. Furthermore, many of the neurites seemed to be turning away from the O1ϩ oligodendrocytes and directed toward the NG2ϩ cells (Fig. 1 E) . These findings indicate that growth cones of hippocampal neurons do not avoid but actively contact NG2 cells.
Time-lapse microscopy was performed to examine the dynamic response of the growth cones after contacting NG2 cells. A representative behavior is shown in Figure  2 A. The growth cone of a hippocampal neuron (bottom right, arrow) moved to and from an NG2 cell process (top left, arrowhead) during the first 30 min and eventually grew toward the NG2 cell (60 min) and remained stably connected to the NG2 cell for more than 1 h until the end of the recording (120 min). Nine of 10 growth cones were attracted toward an NG2 cell and remained in contact with the NG2 cell for at least 30 min. The remaining growth cone was indifferent to the NG2 cell nearby and did not move toward or away from it. This behavior was clearly distinct from the rapid repulsive behavior of the growth cone that contacted a MAG-expressing cell (Fig. 2 B) . The growth cone (center) that encountered a MAG-CHO cell (bottom) withdrew its filopodia rapidly within 6 min after the initial contact. The growth cone continued to withdraw and ultimately collapsed into a club-shaped morphology by 75 min. Six of 13 growth cones retracted within 30 min after contact with a MAG-CHO cell. Seven of 13 growth cones were indifferent to the MAG-CHO cell.
None of the growth cones remained attached to a MAG-CHO cell for Ͼ30 min. These observations demonstrate that NG2 cells elicit a response in neurites that is distinct from the response to MAG-CHO cells or mature oligodendrocytes that are known to repel axons.
Axonal growth cones form extensive contacts with NG2 cells in the developing corpus callosum in vivo
We next examined whether growth cones formed similar extensive contacts with NG2 cells in the developing corpus callosum. The growth cone did not retract or collapse after encountering an NG2 cell but formed a stable association that lasted over 1 h. In contrast, the growth cone that encountered a MAG-CHO cell retracted and ultimately collapsed.
Callosal axons were labeled by in utero electroporation of a plasmid encoding membrane-anchored green fluorescence protein (pCA-gapgfpm4) (Okada et al., 1999) into E17 rat embryos. Examination of electroporated rats at P2 revealed unilateral clusters of GFP-labeled neuronal cell bodies mostly in neocortical layers II and III (data not shown) and bundles of axons through the corpus callosum. The spatial relationship between growth cones and NG2 cells was analyzed by confocal microscopy of 100 m coronal brain sections immunolabeled for NG2 and GFP. Only growth cones with their entirety within the 100 m slice were analyzed. Growth cones were identified as irregularly shaped endings of GFP-positive axons. In the stacked confocal image shown in Figure 3A , three growth cones with complex morphology were identified (arrows), all of which appeared to be contacting NG2 cells through multiple filopodia. A series of six consecutive individual z-sections through one of the growth cones revealed the interdigitating nature of the contact between an NG2 cell and the growth cone (Fig. 3B-G) . Among 19 growth cones that were randomly sampled in the corpus callosum of three P2 rats, 16 growth cones (84.2%) were contacting NG2 cells, and the majority of them contacted NG2 cells through multiple filopodia.
The spatial relationship between growth cones and NG2 cells was compared with that between growth cones and astrocytes in the P2 corpus callosum. Astrocytes were identified by immunolabeling for the glial glutamate transporter, GLAST, which is expressed at the cell surface. There was little contact between the growth cone and GLAST-expressing astrocytes. Unlike NG2 cell processes, which were parallel to and extensively intertwined with the axonal filopodia, GLASTϩ astrocytic processes ran perpendicular to the growing axons and made little or no contact with the growth cones (Fig. 3H ) .
To further verify that there was direct contact between growth cones of callosal axons and NG2 cells, preembedding NG2 immunoelectron microscopy was performed on slices from P2 rat corpus callosum using a rabbit antibody against the extracellular domain of rat NG2. Electron dense peroxidase products of DAB were detected on the surface of an NG2 cell with multiple processes found among parallel rows of callosal axons (Fig. 3I, arrows) . We could identify many growth cones that displayed the ultrastructural characteristics previously described (Povlishock, 1976; Gorgels, 1991a) , consisting of an irregularly shaped widening of 0.5-2 m in diameter that contained mitochondria and various sized vesicles and extended into an organelle-poor distal region. Both the organelle-rich proximal region and the organelle-poor distal region of growth cones were apposed to NG2-immunolabeled membranes (Fig. 3 J, K ) . In some cases, both growth cones and axonal shafts were surrounded by NG2-immunopositive membranes. These findings indicate that the association between growth cones and NG2 cells observed by confocal microscopy represents direct membrane contact between the growth cone and NG2 cell processes. We did not observe clusters of synaptic vesicles or significant postsynaptic density-like structures at growth cone-NG2 cell junctions.
NG2 cells promote axonal outgrowth
We next examined the effect of NG2 cells on axonal outgrowth in a neuron-glial coculture system. We obtained a highly enriched population of NG2 cells and astrocytes that were Ͼ90 -95% pure (Fig. 4 A, B ) (see also Yang et al., 2005) . P1 rat hippocampal neurons were seeded onto a high-density culture of purified NG2 cells or astrocytes. For control, neurons were plated on NIH 3T3 fibroblasts or directly onto PLL-coated coverslips without a cellular substrate. After 16 -18 h in culture, hippocampal neurons on various substrates extended one to several neurites, which could be easily measured within one or two microscopic fields. Cocultures were fixed 16 h after neurons were added and immunostained for phosphorylated neurofilaments to reveal axons. Neurons cocultured with NG2 cells or astrocytes extended longer axons than those cultured on NIH 3T3 fibroblasts or on PLL alone (Fig. 4C-F ) . Quantification of total axonal length revealed that neurons cocultured with NG2 cells or astrocytes extended axons that were twice as long as those on NIH 3T3 cells or on PLL (Fig. 4G) . Quantification of the length of the longest axon also revealed a twofold greater length of axons from neurons grown on NG2 cells and astrocytes compared with those grown on NIH 3T3 cells or on PLL (Fig. 4 H) . We noted that axons that extended on NG2 cells were thinner than those on astrocytes (Fig. 4C,D) . It appeared that a slightly higher percentage of neurons cocultured with NG2 cells contained multiple axons compared with neurons cocultured with astrocytes, but the difference was not statistically significant.
Because astrocytes have been shown to promote neurite out- growth (Noble et al., 1984; Fallon, 1985; Smith et al., 1986; Neugebauer et al., 1988) , control experiments were performed to rule out the possibility that the neurite growth-promoting effect of NG2 cells was derived from a small percentage of astrocytes present in our NG2 cell cultures and not directly an effect of NG2 cells. Based on the purity of NG2 cell cultures (Ͼ93%) and the total number of NG2 cells on the coverslips, the maximum number of astrocytes in our OPC cultures was estimated to be 613. Next, the growthpromoting effect of 613 astrocytes was theoretically determined by fitting this number on a dose-response curve generated by measuring the growthpromoting effects of 100 -10,000 astrocytes. The calculated value of axonal length in the presence of 613 astrocytes was significantly lower than the length of axons from neurons cocultured with NG2 cells, suggesting that the growthpromoting effect of NG2 cells was not mediated by contaminating astrocytes. These results demonstrate that, unlike purified NG2 proteoglycan, NG2 cells promote axonal growth from hippocampal neurons.
To determine whether the axonal growth-promoting effects of NG2 cells were mediated by soluble factors, we prepared inverted cocultures in which coverslips containing glia were placed inverted onto a porous tissue culture insert, which then were placed over separate coverslips containing neurons. Both glia and neurons were immersed in the same media to allow free diffusion of soluble molecules. After 16 h of incubation, the neurons were fixed, immunolabeled for phosphorylated neurofilaments, and axonal lengths were measured as above. Standard cocultures were prepared in parallel as positive control. The total axonal lengths (Fig. 4 I) or the length of longest axons (data not shown) of neurons cocultured with inverted coverslips containing NG2 cells were not significantly different from those of neurons grown on PLL or NIH 3T3 cells. This suggests that the axonal growth-promoting effect of NG2 cells was mediated either by direct contact or by a slowly diffusible extracellular signal.
Altered levels of NG2 do not affect the growth-promoting effect of NG2 cells
The observations described above revealed that NG2 cells do not repel but form extensive contacts with axonal growth cones and promote axonal growth. These effects of NG2 cells on growing axons differ from the reported inhibitory effects imparted by the NG2 proteoglycan (Dou and Levine, 1994; Chen et al., 2002b) . The difference may be attributable to the difference in the amount of the NG2 molecule presented to the growing axons. The concentration of NG2 that is detected by axons growing on a surface coated with purified NG2 or membrane preparations from NG2-expressing cells may be significantly higher than the physiological concentration of NG2 detected by axons contacting intact NG2 cells. Therefore, we performed the following experiments to examine the response of axons to NG2 cells expressing different levels of NG2.
Effects of elevated NG2
To determine whether elevated levels of NG2 presented on NG2 cells could render NG2 cells inhibitory to axonal growth, we transduced rat NG2 cells in culture with an adenoviral vector encoding full-length rat NG2 cDNA, adeno-NG2. Two days after infection, the level of NG2 on infected and uninfected cells was determined by immunocytochemistry and Western blotting. Quantitative live-cell immunocytochemistry revealed that, at a moi of 2 (data not shown) or 5, adeno-NG2 increased cell surface NG2 expression by fivefold (Fig. 5A-C) . Western blotting showed that virally expressed NG2 was predominantly in the form of high-molecular-weight chondroitin sulfate proteoglycan (Fig. 5D, lane 3) , which could be converted into 275-300 kDa core proteins by chondroitinase ABC treatment (Fig. 5D, lane 4) , identical in size to the endogenous core protein (lane 2). Quantification of the density of the NG2 core protein bands normalized to that of GAPDH bands revealed a 50-fold increase in the level of NG2 expression in adeno-NG2-infected cells compared To determine whether NG2 cells expressing elevated levels of NG2 could induce a repulsive response in axons, P1 rat hippocampal neurons were cocultured with NG2 cells expressing physiological or elevated levels of NG2 for 16 h and processed for immunocytochemistry. The spatial relationship between hippocampal neurites and NG2 cells expressing physiological or elevated levels of NG2 is shown in Figure 5 , E and F. Neurites seemed to end equally frequently on both types of NG2 cells. Quantification revealed no difference in the percentage of neurite tips that contacted NG2 cells expressing normal or elevated levels of NG2 (Fig. 5G) . On initial examination of the coverslips, it seemed that neurites contacted adeno-NG2-infected cells at a steeper angle, rather than growing along the cell surface as they appeared to do on uninfected cells. To evaluate this further, we quantified the proportion of the neurite shafts that were contacting NG2 cells. Contrary to our prediction, ϳ30% of the entire lengths of neurites were associated with NG2 cells regardless of the level of NG2, suggesting that neither the tips nor the shafts of growing hippocampal axons avoided NG2 cells expressing at least fivefold elevated levels of NG2.
To determine whether elevated NG2 levels affected the ability of NG2 cells to promote axonal growth, neurite growth assays were performed using P1 hippocampal neurons cocultured with uninfected or adeno-NG2-infected NG2 cells. Quantification of total neurite length per neuron (Fig. 5H ) and longest neurite length (Fig. 5I ) revealed no statistically significant difference between neurons cocultured with NG2 cells expressing normal and elevated levels of NG2. In both cases, neurons cocultured with NG2 cells extended neurites that were twice as long as those grown on PLL. Thus, at least a fivefold increase in the level of NG2 expressed by NG2 cells failed to cause growth cone collapse or inhibit neurite growth, suggesting that the NG2 proteoglycan is not inhibitory to growing axons when presented on NG2 cells.
Effects of reduced NG2
We next used RNA interference to examine the effects of reduced NG2 expression on axonal growth. Two hairpin siRNAs, both directed at the 3Ј-untranslated region of the rat NG2 mRNA (NG2_7217hp and NG2_7292hp), were generated using an expression vector driven by mouse U6 promoter (Yu et al., 2002) . The plasmids were transfected into NG2 cells by nucleofection, which resulted in 40 -60% transfection efficiency. When purified NG2 cells were cotransfected with the NG2_7217hp siRNA and a plasmid encoding GFP and analyzed 4 d later, 90 Ϯ 19% (15 fields; n ϭ 92) of GFP-positive cells had little or no detectable NG2 (Fig. 6 A, arrows) . The oligodendrocyte progenitor phenotype of the siRNA-treated cells was confirmed by the presence of the ␣-receptor of platelet-derived growth factor (PDGFR␣) (Nishiyama et al., 1996b) on cells that were not expressing NG2 (Fig. 6 B) . Similarly, the NG2_7292hp construct was also effective in silencing NG2 expression on NG2 cells (data not shown). Neither construct affected NG2 cell survival, and both constructs were used in the following experiments.
To examine the effect of reduced NG2 expression on axons, P1 hippocampal neurons were cultured on control untransfected NG2 cells or NG2 cells transfected with NG2_7217hp or NG2_7292hp and doubled immunolabeled for ␤III-tubulin and NG2 after 16 h. The percentage of neurite tips that were contacting NG2 cells was not significantly different between untransfected NG2 cells (72 Ϯ 33%) and siRNA-transfected cells (66 Ϯ 31% for NG2_7217hp; 62 Ϯ 39% for NG2_7292hp) (Fig.  6C) . To further evaluate the effects of reduced NG2 expression on . Cells transduced with adeno-NG2 expressed fivefold more surface NG2 than uninfected NG2 cells. D, Western blots comparing the amount of NG2 in extracts of uninfected and adeno-NG2-infected NG2 cells. The same blot was probed with antibodies to NG2 (top) and GAPDH (bottom) chABCϩ: extracts treated with chondroitinase ABC. Smaller amounts of protein extracts from adeno-NG2-infected cells were loaded to allow for densitometric analyses of the samples within the dynamic ranges of the pixels, as seen by the weaker GAPDH bands in lanes 3 and 4. The positions of molecular weight standards are indicated on the left. E-I, Response of P1 hippocampal neurons to NG2 cells expressing elevated levels of NG2. E, F, Double-immunofluorescence labeling for NG2 (red) and ␤III tubulin (green) to illustrate the spatial relationship between neurites and NG2 cells expressing normal (E) or increased levels of surface NG2 after adeno-NG2 transduction (F; moi 5). Scale bar: (in F ) E, F, 24 m. G, Percentage of neurite tips contacting uninfected or adeno-NG2-infected NG2 cells. ns, No statistically significant difference between the number of neurite tips contacting uninfected and adeno-NG2-infected NG2 cells ( p ϭ 0.239, t test). H, Total neurite lengths of neurons grown on uninfected or adeno-NG2-infected NG2 cells. ns, No significant difference ( p Ͼ 0.05, one-way ANOVA). They were significantly longer than neurite lengths on PLL ( p Ͻ 0.001, one-way ANOVA). I, The lengths of the longest neurite of neurons grown on uninfected or adeno-NG2-iinfected NG2 cells. ns, No significant difference ( p Ͼ 0.05, one-way ANOVA). They were significantly longer than neurite lengths on PLL ( p Ͻ 0.001, one-way ANOVA). Error bars indicate SE.
the ability of growth cones to contact NG2 cells, we determined the percentage of neurite tips that were contacting cells with strong NG2 expression and those contacting cells with weak or no NG2 expression on the same coverslips. On coverslips containing cells transfected with NG2_7217hp siRNA construct, 41.2 Ϯ 4.6% of the neurite tips contacted cells with strong NG2 expression and 44.9 Ϯ 8.7% of neurite tips contacted cells with reduced NG2 expression. On coverslips transfected with NG2_7292hp siRNA construct, 49.2 Ϯ 4.6% of neurite tips contacted strongly NG2ϩ cells and 45.6 Ϯ 6.5% of the neurite tips contacted weakly NG2ϩ cells. Thus, there appeared to be no significant difference in the frequency with which the growth cones contacted control cells and cells with reduced NG2.
When neurite lengths were measured, there was no significant difference in the length of neurites between neurons grown on untransfected NG2 cells and those grown on siRNA-transfected cells (Fig. 6 D) . These data suggest that regardless of the level of NG2 at the surface, NG2 cells elicit an adhesive/attractive response rather than a repulsive response in hippocampal neurons.
NG2 cells express fibronectin and laminin at the cell surface
We examined whether NG2 cells express extracellular or cell surface molecules that might contribute to the observed neurite growth-promoting effect. Immunolabeling cultured NG2 cells from P3 rat brain revealed a small amount of punctuate cell surface staining for both laminin and fibronectin (Fig. 7 B, F, respectively) . This was distinct from the typical wavy extracellular pattern of fibronectin staining observed on NIH 3T3 fibroblasts with the same antibody (Fig. 7H ) . Double labeling for NG2 and laminin or fibronectin revealed extensive colocalization between NG2 and laminin or fibronectin on NG2 glial cells. This was not attributable to cross-reactivity between the primary or secondary antibodies, because fibronectin was not detected on NG2-positive puncta on NIH 3T3 cells (Fig. 7G,H ) , and little laminin was detected on these cells despite the presence of NG2 (Fig. 7C,D) . Furthermore, control experiments in which rat NG2 cells were singly labeled with anti-NG2 antibody followed by incubation with Alexa 594-conjugated anti-rabbit antibody to detect NG2 and Alexa 488-conjugated anti-mouse antibody that had been used to detect laminin or fibronectin did not result in any detectable fluorescence in the 488 channel (data not shown). These observations indicate that NG2 cells express a small amount of fibronectin and laminin that is closely associated with NG2 at the cell surface. 
Discussion
NG2 cells support growth cone adhesion and neurite extension
In the rodent brain, NG2 cells make their appearance in late embryonic stages and become uniformly distributed throughout the cortex and white matter by the end of the first postnatal week (Nishiyama et al., 1996a . White matter tracts of the corpus callosum and hippocamposeptal fibers contain axons that originate in the neocortex and hippocampus, respectively, and are populated by NG2 cells during the time when these axons navigate through the tracts (Alonso and Kohler, 1982; Ozaki and Wahlsten, 1992; Koester and O'Leary, 1994) . The NG2 proteoglycan on the surface of NG2 cells carries a small number of chondroitin sulfate chains (Stallcup, 2002) and has also been shown to cause growth cone collapse and inhibit axonal growth (for review, see Chen et al., 2002b) , a characteristic shared by many chondroitin sulfate proteoglycans (Smith et al., 1986 (Smith et al., , 1990 Hoke and Silver, 1996; Moon et al., 2001; Bradbury et al., 2002; Silver and Miller, 2004) . However, little is known about the effects of intact NG2 cells on growing axons.
In the present study, we have examined the effects of NG2 cells, rather than the NG2 molecule, on growing axons. Using rat NG2 cell-neuronal cocultures, we have demonstrated that axons of neonatal hippocampal neurons are not repelled by NG2 cells but adhere to them and extend longer neurites when cocultured with NG2 cells than when grown directly on PLL or on NIH 3T3 fibroblasts. Thus, contrary to the previous reports demonstrating neurite growth-inhibitory effects of the NG2 proteoglycan (Chen et al., 2002b) , our observations indicate that NG2 cells allow axons to contact them without causing growth cone collapse and retraction and promote neurite extension.
Increased NG2 expression did not alter neurite adhesion or extension on NG2 cells One possible explanation for the lack of neurite growthinhibitory effect of NG2 cells in our study is that the level of the NG2 proteoglycan at the surface of NG2 cells was significantly lower than the amount of NG2 presented to axons in the culture substratum or as a membrane preparation in other studies (Dou and Levine, 1994; Chen et al., 2002a) . Because NG2 expression is dramatically upregulated in response to axonal damage (Levine, 1994; Bu et al., 2001; Jones et al., 2002; Tang et al., 2003) , it has been widely speculated, although not directly shown, that increased NG2 at sites of injury is responsible for the inability of damaged axons to regenerate through an NG2-rich scar tissue (Fidler et al., 1999; Levine et al., 2001) .
Contrary to our prediction, however, we found that altering the level of NG2 on NG2 cells by adenovirus-mediated overexpression of NG2 or by siRNA-mediated NG2 knock-down had no effect on the way in which neuronal growth cones contacted NG2 cells or the ability of neurons to extend neurites on NG2 cells. Despite a significant increase in the amount of NG2 expressed, NG2 cells were not inhibitory to growing axons.
Mature oligodendrocytes, which arise from differentiation of NG2 cells, contain three axonal growth-inhibitory molecules, MAG (McKerracher et al., 1994; Mukhopadhyay et al., 1994) , Nogo-A (Chen et al., 2000; GrandPre et al., 2000) , and oligodendrocyte-myelin glycoprotein (Kottis et al., 2002; Wang et al., 2002) , all of which bind to the same Nogo-66 receptor (Fournier et al., 2001; Liu et al., 2002) . In our study, hippocampal axons seldom contacted mature oligodendrocytes or MAGexpressing CHO cells (Fig. 1) , and they quickly withdrew when they encountered MAG-expressing CHO cells (Fig. 2) . Such behavior of the axonal growth cone was clearly distinct from the behavior of axons that encountered NG2 cells. Thus, despite the demonstrated ability of the hippocampal neurons to respond to growth-inhibitory signals from MAG and mature oligodendrocytes in our culture system, the same neurons did not display a repulsive response to NG2 cells, suggesting that an entirely different molecular signaling mechanism exists between NG2 cells and growing axons.
It is possible that the epitope on NG2 that causes growth cones to collapse (Ughrin et al., 2003) is masked on the surface of NG2 cells and is not recognized by neurons unless it becomes exposed by some mechanism such as the action of a protease. The neurite growth-inhibitory effect of NG2 may be sensitive to subtle conformational changes, and may exhibit inhibitory properties only under certain conditions. This may account for the variable results obtained with purified NG2 among different investigators. Trotter and colleagues (Niehaus et al., 1999; Schneider et al., 2001) observed that mouse NG2 is not inhibitory to growing axons. It is also possible that NG2 cells express potent growthpromoting molecules that override the negative effects of NG2 (see below). The combination of specific cell surface molecules that can modify the conformation of NG2 (Asher et al., 2005) and growth-stimulatory molecules expressed by NG2 cells may make these cells different from other NG2-expressing cell types that inhibit neurite growth (Chen et al., 2002a; Shearer et al., 2003) .
NG2 cells in vivo are intimately associated with growing axons
In contrast to mature oligodendrocytes, which inhibit growing axons, astrocytes have been known to support neuronal growth (Denis-Donini et al., 1984; Noble et al., 1984; Fallon, 1985; Smith et al., 1986; Neugebauer et al., 1988) . We also observed that neurons grown on astrocytes extend longer neurites than those grown on PLL or NIH 3T3 cells, and the magnitude of neurite growth-promoting effect of NG2 cells was similar to that of astrocytes (Fig. 4) . However, the mechanisms underlying the neurite growth-promoting effect of astrocytes may differ from those of NG2 cells, based on the following observations. First, neurites from neurons grown on NG2 cells were thinner and more branched than those that extended on astrocytes. Second, the geometry of axonal growth cones and NG2 cells in the developing corpus callosum was different from that of growth cones and astrocytes identified by GLAST immunoreactivity (Fig. 3) . NG2 cell processes ran parallel to and were intricately intertwined with growth cone filopodia. In contrast, GLASTϩ astrocytic processes displayed minimum contact with growth cone filopodia and were oriented perpendicular to the filopodia. The small spatial gap observed between GLASTϩ processes and growth cone filopodia may reflect the presence of a repulsive interaction between GLASTϩ astrocytic processes and growing axons (Shu and Richards, 2001; Shu et al., 2003) . Thus, GLASTϩ astrocytes and NG2 cells may use different mechanisms to promote axonal elongation. There may be GLAST-negative astrocytes whose processes are oriented radially along the trajectory of growing callosal axons, as previously described (Silver et al., 1982 (Silver et al., , 1993 , and such astrocytes may interact more closely with the growing axons.
Our light and electron microscopic observations on the developing corpus callosum indicate a direct intercellular adhesive contact between NG2 cells and growing axons. This is consistent with the previous observation by Gorgels (1991b) that transient synapse-like contacts exist between axonal growth cones and "immature glial cells" in the developing pyramidal tract in the spinal cord. These observations strongly suggest that NG2 cells in the developing corpus callosum are not inhibitory to growing axons. Additional experiments are needed to elucidate the role of NG2 cells in the development of callosal axons in vivo.
Growth cones of retinal ganglion axons have been shown to alternate between phases of pausing and rapid extension as they migrate through the optic nerve to their target (Mason and Wang, 1997) . The expression of cell adhesion molecules laminin and fibronectin at the surface of NG2 cells may allow growing axons to "pause" on NG2 cells, as seen in our time-lapse study (Fig. 2) . Both fibronectin and laminin have been implicated in axonal growth in situ (Grimpe et al., 2002; Tom et al., 2004) . NG2 cells may provide a source for some of these adhesion molecules. Growing axons pausing in their trajectory may be exchanging signaling with NG2 cells through their cell surface receptors. For example, neurotrophins from NG2 cells could focally activate receptors on neurons, and reciprocally, neurotransmitters released from growth cones could activate receptors on NG2 cells. Changes in the expression of such growth-permissive molecules during injury response may alter the NG2 cells to create a more growth-inhibitory cellular substrate for regenerating axons. Additional elucidation of the molecular mechanisms of the interactions between NG2 cells and growing axons may lead to novel ways of exploiting endogenous NG2 cells to promote axonal regeneration after injury.
